According to a recently developed theory of wave propagation in marine sediments, the dispersion relationships for the phase speed and attenuation of the compressional and the shear wave depend on only three macroscopic physical variables: porosity, grain size, and depth in the sediment. The dispersion relations also involve three ͑real͒ parameters, assigned fixed values, representing microscopic processes occurring at grain contacts. The dispersion relationships are compared with extensive data sets, taken from the literature, covering the four wave properties as functions of all three physical variables. With no adjustable parameters available, the theory matches accurately the trends of all the data sets. This agreement extends to the compressional and shear attenuations, in that the theory accurately traces out the lower bound to the widely distributed measured attenuations: the theory predicts the intrinsic attenuation, arising from the irreversible conversion of wave energy into heat, whereas the measurements return the effective attenuation, which includes the intrinsic attenuation plus additional sources of loss such as scattering from shell fragments and other inhomogeneities in the medium. Provided one wave or physical property is known, say the compressional speed or the porosity, all the remaining sediment properties may be reliably estimated from the theory.
I. INTRODUCTION
Over recent decades, extensive data sets have been published by Hamilton et al. 1-8 and Richardson et al. [9] [10] [11] [12] on the wave properties of surficial, unconsolidated marine sediments. It is evident from the data that an unconsolidated sediment is capable of supporting two types of propagating wave, a compressional ͑longitudinal͒ wave and a much slower shear ͑transverse͒ wave. Although there have been several attempts to detect a third type of wave, the ''slow'' compressional wave of the Biot theory, 13, 14 all have returned a negative result, including the most recent experiment by Simpson et al. 15 Based on this evidence, it is tacitly assumed throughout the following discussion that the slow wave in an unconsolidated sediment is negligible if not absent altogether.
It is well established from the published data that the phase speed and the attenuation of both the compressional and shear wave depend, in a more or less systematic way, on the physical properties of the sediment, principally the porosity, the bulk density, the mean grain size, and the depth beneath the seafloor. Indeed, both Hamilton 3,7,16 and Richardson 9, 11, 12 have developed a set of empirical regression equations, each one of which expresses a wave property ͑e.g., the compressional phase speed͒ in terms of a physical property of the medium ͑e.g., the porosity͒.
Although regression equations can be satisfactorily fitted to the data, thus providing a useful predictive tool, they give little insight into the physical mechanisms underlying the observed inter-relationships between wave parameters and physical properties. To achieve an understanding of the observed dependencies, it is necessary to turn to a theoretical model of wave propagation in the medium and, in particular, to the dispersion relationships predicted by the model. Such a model has recently been developed by Buckingham 17 on the basis of a specific form of dissipation arising at grain-tograin contacts. This grain-shearing ͑G-S͒ model is intended to represent wave propagation in an unconsolidated granular medium, that is to say, a material in which the mineral grains are in contact but unbonded. By definition, this condition is taken to mean that the mineral matrix has no intrinsic strength or, equivalently, that the elastic ͑bulk and shear͒ frame moduli are identically zero.
The absence of an elastic frame in the G-S model contrasts with the starting assumption in Biot's classic theory 13, 14 of wave propagation in porous media. Biot treated the medium as though it possessed an elastic mineral frame, an essential assumption in his analysis since the elasticity is the means by which a shear wave is supported in his model. In the G-S model, on the other hand, it is not necessary to postulate the existence of an elastic frame because elastictype behavior emerges naturally from the analysis as a result of the intergranular interactions themselves: grain-to-grain sliding introduces a degree of rigidity into the medium, which, amongst other effects, automatically leads to the support of a shear wave. The lack of elastic ͑bulk and shear͒ frame moduli in the G-S model is consistent with the commonplace observations that an unconfined pile of sand grains shows no resistance to deformation ͑indicating no restoring force͒ and that sand grains may be picked off a pile ͑indicat-ing no tensile strength͒. Moreover, even though the grains a͒ remain unbonded, loose sand in a container shows increasing resistance to penetration ͑shear strength͒, which can only arise from intergranular interactions. Such interactions form the essence of the G-S wave-propagation model. 17 The purpose of this article is to compare the theoretical properties of compressional and shear waves in marine sediments, as expressed in the dispersion relationships of the G-S model, with an extensive set of data culled from the open literature. Most of the data examined here were obtained from in situ measurements in silicilastic sediments.
Besides frequency, the G-S dispersion expressions for the phase speed and attenuation depend explicitly on the mean grain size, the porosity, the bulk density ͑which is strongly correlated with the porosity and hence is not an independent variable͒, and the overburden pressure ͑which translates into depth in the sediment͒. In addition, the G-S dispersion relationships involve three unknown constants which characterize the microscopic processes that occur as adjacent grains slide against one another during the passage of a wave. Once the numerical values of these three constants have been determined, by comparison with three spotfrequency data points, all the functional dependencies of the G-S theory may be evaluated and compared with the data. Thus, the predicted relationships between wave properties ͑e.g., shear speed͒ and physical properties ͑e.g., depth in sediment͒ may be compared directly with the corresponding data sets that have appeared in the literature. Such comparisons are examined in some detail in this article, along with the dispersion curves ͑i.e., phase speeds and attenuations versus frequency͒ predicted by the G-S theory, which are shown to match the available data over wide frequency ranges.
II. THE G-S DISPERSION RELATIONS
According to Buckingham, 17 the compressional-wave speed, c p , and attenuation, ␣ p , are given by the expressions
and
where jϭͱϪ1. The corresponding expressions for the shear-wave speed, c s , and attenuation, ␣ s , are
͑4͒
Between them, Eqs. ͑1͒-͑4͒ constitute the dispersion relationships predicted by the G-S theory. Both dispersion pairs are causal, satisfying the Kramers-Kronig relationships.
Several familiar parameters appear in the G-S dispersion expressions: the angular frequency, , the bulk density of the medium, o , the sound speed in the absence of grain-tograin interactions, c o , and an arbitrary time Tϭ1 s, introduced solely to avoid awkward dimensions that would otherwise arise when the frequency is raised to a fractional power. Less familiar are the three remaining parameters, ␥ p , ␥ s , and the ͑positive, fractional͒ index n, which between them represent the effects of grain-to-grain interactions on the wave speeds and attenuations. From the way that they appear in the dispersion relations, and the fact that they have dimensions of pressure, it is evident that the two ͑real͒ parameters ␥ p and ␥ s are compressional and shear moduli, respectively, providing a measure of the normal and tangential stresses associated with intergranular sliding. In fact, ␥ p and ␥ s are closely analogous to the Lamé parameters of elasticity theory. There is no such analogy, however, for the dimensionless index n, which is a measure of the degree of strain hardening that is postulated to occur at intergranular contacts as grain-to-grain sliding progresses. Details of the intergranular sliding and strain-hardening mechanisms may be found in Buckingham. 17 If n were zero, the compressional and shear attenuations would both vanish and the expressions for the two waves speeds would be independent of frequency. Of course, dissipation is never completely absent, so n is always finite, but it is small compared with unity, taking a value close to 0.1 for a typical sand sediment. With such a low value for n, the two G-S expressions for the wave speeds exhibit logarithmic dispersion, at levels of the order of 1% ͑compressional͒ and 10% ͑shear͒ per decade of frequency, and the associated attenuations both scale essentially as the first power of frequency, f. These simple frequency-dependencies derive directly from straightforward approximations 17 for the exact expressions in Eqs. ͑1͒-͑4͒.
From the point of view of wave propagation, two important physical properties of sediments are the porosity, N, and the mean grain diameter, u g . In addition, the intergranular interactions, and hence also the wave properties, are sensitive to the overburden pressure, which scales with the depth, d, in the sediment. All three parameters appear in the G-S dispersion relations, the porosity through c o and o , while the grain size and the depth in the sediment, both raised to fractional powers, appear in the expressions given below for ␥ p and ␥ s . These two moduli also show a weak but significant dependence on the porosity, N.
It is well known that the bulk density, o , may be expressed in terms of the porosity as a weighted mean of the density of the pore water, w and the density of the mineral grains, g o ϭN w ϩ͑1ϪN ͒ g . ͑5͒
Similarly, the bulk modulus of the medium, o , may be expressed in terms of the porosity as a weighted mean
where w and g are the bulk moduli of the pore water and the mineral grains, respectively. If the sediment were a simple suspension in which grain-to-grain interactions were absent, the speed of sound would be c o , which depends on the porosity through Wood's equation
In the limit of low frequency, the G-S expression for the compressional wave speed in Eq. ͑1͒ reduces to c o , while Eqs. ͑2͒-͑4͒ show that ␣ p , c s , and ␣ s all approach zero. Thus, according to the G-S dispersion relations, in the lowfrequency limit, the effects of grain-to-grain interactions are negligible and the medium acts as a simple suspension. Turning to the compressional and shear moduli, ␥ p and ␥ s , their dependencies on grain size, depth in the sediment, and porosity are established by treating the mineral grains as elastic spheres, which deform slightly under the influence of the overburden pressure. At the point where two grains touch, a small, tangential circle of contact is formed, the radius of which is given by the Hertz theory 19 of elastic bodies in contact. Assuming that the two grains are identical spheres of diameter u g , Young's modulus E g and Poisson's ratio g , the radius, a, of the circle of contact is
where F is the force pressing the spheres together. At depth d in the sediment, the force F scales with the overburden pressure, P, which is defined 20 as the excess pressure arising from the difference between the bulk density of the sediment and the density of the pore water
where g is the acceleration due to gravity. The expression on the right of Eq. ͑9͒ derives from Eq. ͑5͒ for the bulk density, which accounts for the dependence of the overburden pressure on the porosity. It follows that the radius of the circle of contact may be expressed as
where the constant of proportionality involves the elastic properties of the mineral grains but is independent of the bulk properties of the two-phase medium. Now, the moduli ␥ p and ␥ s scale with the rates at which sliding events occur within the circle of contact of radius a. With many micro-asperities distributed randomly over each face of the contact area, the rate of sliding will scale with the number of asperities available to slip against one another. In the case of the compressional modulus, most of the sliding takes place around the perimeter of the circle of contact, where the normal pressure is a minimum. Thus, the number of asperities involved in the sliding process is expected to scale with the perimeter of the circle of contact, and hence ␥ p is proportional to a. Shearing, on the other hand, involves a slip of the two flat faces of the surface of contact against each other, in which case the number of available asperities scales with area of the circle of contact, and therefore ␥ s is proportional to a 2 . According to these arguments, the two moduli may be expressed in terms of the porosity, grain size, and depth in the sediment as follows:
where the terms in brackets have been constructed to be dimensionless, with the factors ␥ po and ␥ so taking numerical values that are independent of the porosity, grain size, and depth in the sediment. In making the comparisons between the G-S theory and data, the values of the compressional and shear coefficients, as well as the strain-hardening index, n, are held fixed for all sediments, from coarse sands to the finest silts and clays. In principle, however, ␥ po , ␥ so , and n could depend weakly on the elastic properties of the mineral grains and also on such factors as the micro-roughness of the areas of contact. Thus, in practice, the values of these three parameters could differ slightly from one sediment to another but, judging from the good quality of the match between theory and data, as demonstrated below, it would seem that such variations are very minor.
The functional dependence of the G-S dispersion relations on the macroscopic, geoacoustic parameters of a sediment are given explicitly and completely by the algebraic expressions in Eqs. ͑1͒ to ͑12͒. From a casual inspection, it is evident that the selection of geoacoustic parameters appearing in the G-S theory is quite different from that in Biot's theory. 13, 14 According to Table 1 .1 in Stoll, 21 the Biot theory involves the permeability, the viscosity of the pore fluid, the pore-size parameter, the structure factor, the ͑complex͒ shear modulus of the skeletal frame, and the ͑complex͒ bulk modulus of the skeletal frame, a total of eight parameters, all of which are absent from the G-S formulation of the dispersion relations. Instead, the G-S theory includes the three ͑real͒ parameters representing microscopic processes occurring at grain contacts, ␥ po , ␥ so , and n. Through the compressional and shear moduli ͓Eqs. ͑11͒ and ͑12͔͒, the G-S theory also includes the grain size and the depth in the sediment, neither of which appears explicitly in Biot's theory. The porosity, the bulk density, and the physical properties ͑densities and bulk moduli͒ of the individual constituents of the biphasic medium are common to both theories.
According to Eq. ͑5͒, the bulk density and the porosity are linearly related and hence are fully correlated. In fact,
Richardson et al. [10] [11] [12] 22 have used this relationship to compute the bulk density from laboratory measurements of the porosity. Hamilton, 3, 7, 8 on the other hand, measured the density directly from weight and volume, rather than computing it by substituting his independently measured porosity into Eq. ͑5͒. Hamilton's data may therefore be used as a test of Eq. ͑5͒. Figure 1 shows Hamilton's published measurements of density and porosity for many types of marine sediment, ranging from very fine silts and clays to coarse sands. ͑Table I is the key to all the symbols, representing published data collected from the literature, which appear in Figs. 1 to 11͒. Also shown in Fig. 1 is a plot of the linear relationship between density and porosity in Eq. ͑5͒, evaluated with w ϭ1005 kg/m 3 and g ϭ2730 kg/m 3 . Most of the data points fall on or very close to the line, indicating that the correlation represented by Eq. ͑5͒ holds accurately in practice, making it unnecessary to examine the functional dependence of the wave properties on both the porosity and the bulk density. Porosity alone is considered below.
III. EVALUATION OF ␥ po , ␥ so , AND n
As already discussed, in addition to the macroscopic variables ͑porosity, grain size, and depth in the sediment͒, the G-S dispersion relationships ͓Eqs. ͑1͒-͑4͔͒ involve the three FIG. 1. Compilation of density versus porosity data, mostly from Hamilton. The red line is from Eq. ͑5͒ using the values of w and g listed in Table II . ͑See Table I for the key to the symbols in this and all subsequent figures.͒ Fig. 3 unknown constants, ␥ po , ␥ so , and n, which characterize the microscopic interactions occurring at grain boundaries during the passage of compressional and shear waves. At present, no theory exists from which these constants could be computed, so instead they are evaluated here from spotfrequency measurements of three wave properties: the compressional speed, the compressional attenuation, and the shear speed. The two compressional-wave observations are taken from Table 1a When the measurements cited above are substituted into the compressional and shear dispersion relations ͓Eqs. ͑1͒-͑4͔͒, some elementary algebra yields the values of ␥ po , ␥ so , and n listed in Table II . In the following comparisons of the G-S theory with numerous data sets, these values are held fixed for all sediments. Under this constraint, it is of some interest to examine how well the G-S dispersion relationships represent the wave properties in sediments ranging from coarse sands to very fine clays. This is achieved by considering the dependencies of the wave speeds and attenuations on porosity and grain size. The depth dependence of the wave properties is also compared with data from various types of sediment. As will become evident, the fixed values of ␥ po , ␥ so , and n cited in Table II lead to theoretical waveproperty dependencies on porosity, grain size, and depth that align with essentially all the data. Before discussing the physical properties, however, the theoretical dependencies of the wave speeds and attenuations on frequency are compared with observations.
As mentioned earlier, most of the data used in the following comparative discussions are from in situ measurements made in silicilastic ͑quartz sand͒ sediments. Carbonate sediments are excluded, since they differ from silicilastic materials in several ways, 24 including having open, hollow grains, which, with all else equal, gives rise to higher porosities. Hamilton and Bachman 7 found that ''hollow tests ͑shells͒ of Foraminifera act as solid particles in transmitting sound,'' implying that the intraparticle porosity had little if any effect on the wave properties. A preliminary comparison between wave data from carbonate sediments and the G-S theory, evaluated using the interparticle ͑rather than total͒ porosity, appears to support Hamilton and Bachman's conclusion but requires more detailed examination before being discussed further. Figure 2 shows in situ measurements of the frequency dependence, from 25 to 100 kHz, of the compressional wave speed and attenuation at the SAX99, medium-sand experiment site off Fort Walton Beach in the northern Gulf of Mexico. 25 The smooth curves, representing the G-S theory, were evaluated from Eqs. ͑1͒ and ͑2͒. These theoretical curves pass precisely through the higher of each pair of data points at 100 kHz as expected, since both data points were used in evaluating the compressional and shear coefficients ␥ po , ␥ so as well as the strain-hardening index, n.
IV. FREQUENCY DEPENDENCE

A. Compressional wave
The sound-speed data from the SAX99 site ͓Fig. 2͑a͔͒ exhibit weak logarithmic dispersion at a level of approximately 1% per decade of frequency. A similar logarithmic gradient is predicted by the G-S theory. Although there is some scatter in the data ͑of the order of Ϯ10 m/s͒, it is clear that the measured sound speeds cluster around the theoretical line. The observed SAX99 dispersion is consistent with recently reported in situ measurements by Simpson et al., 15 which were made in a medium-sand sediment at St. Andrews Bay, Florida. Over the frequency band from 3 to 80 kHz, they also observed logarithmic dispersion in the region of 1% per decade. Such a weak gradient is quite difficult to detect in situ, and earlier investigators not uncommonly failed to observe any variation of sound speed with frequency. Hamilton, 4 for example, reported that ''there is negligible dependence or no dependence of velocity on frequency,'' on the basis of which he developed his empirical elastic model of wave propagation in sediments.
Visual inspection of the data in Fig. 2͑b͒ reveals that, between 25 and 100 kHz, the compressional attenuation from the SAX99 site scales almost exactly as the first power of frequency. In fact, a straight line may be drawn through the data points which, when extrapolated, passes precisely through the origin. However, it has long been known that a pure linear scaling of attenuation with frequency is unphysical in that it violates causality. 26 -28 But, no such difficulty arises with the G-S theory, which yields an attenuation that is almost but not quite linear in frequency, as exemplified in Fig. 2͑b͒ . This near-linear curve, which rises marginally faster than the first power of frequency, passes through the origin and accurately through the data points.
The question of whether the attenuation in marine sediments varies ͑nearly͒ linearly with frequency has been a controversial issue for many years. Hamilton 8 consistently maintained, on the basis of extensive measurements made by himself and others, that the attenuation exhibits a linear scaling with frequency. Stoll, 21 on the other hand, has long argued on the basis of the Biot theory 13, 14 that the attenuation deviates significantly from a first-power dependence on frequency, varying as the square root of frequency over the bandwidth of the data shown in Fig. 2͑b͒ 30 which lists properties of the SAX99 sediment. In Fig. 2͑a͒ , it can be seen that the EDF sound speed shows weak dispersion, aligning reasonably with both the data and the G-S curve, although at lower frequencies than those shown the two theoretical predictions diverge. The EDF attenuation in Fig. 2͑b͒ , however, fails to match the data over most of the frequency range. Whereas the attenuation data scale essentially linearly with frequency, the EDF attenuation curve exhibits the classic, highfrequency f 1/2 dependence of a viscous fluid. Since viscous dissipation of the pore fluid is the only loss mechanism in the Biot theory, 13, 14 it is not surprising that the frequency dependence of the Biot attenuation is exactly the same as that of a true viscous fluid. 31 Although the details of Biot's attenuation curve may vary with material parameters such as permeability and tortuosity, the functional form is always the same: at low frequencies the attenuation scales as the square of frequency, transitioning at about 1 kHz ͑depending on permeability and viscosity͒ to a squareroot scaling with frequency. The discrepancy, illustrated in Fig. 2͑b͒ , between such behavior and the near-linear scaling of the attenuation data with frequency is a strong indicator that the viscous dissipation mechanism of the Biot theory may be insignificant in marine sediments.
Evidence to support such a conclusion is found not only in the SAX99 attenuation data. From 3 to 80 kHz, Simpson et al. 15 have observed a ͑near͒ linear dependence of attenuation on frequency ͑their Fig. 6͒ in a medium-sand sediment in St. Andrews Bay, Florida; and earlier laboratory experiments in fine sand by Simpson et al. 32 returned a similar ͑near͒ linear scaling of the attenuation with frequency between 4 and 100 kHz ͑their In situ measurements of shear-wave properties as functions of frequency are rarer than those of compressional waves. In fact, no published, in situ measurements of shearwave dispersion and attenuation over extended frequency ranges are known to the author.
The shear-wave speed and attenuation predicted from the G-S dispersion relations in Eqs. ͑3͒ and ͑4͒ are shown in Fig. 3 . The curves were computed using values of the porosity, grain size, and depth in the sediment appropriate to Richardson's 12 North Sea site C1. The theoretical curve for the shear speed in Fig. 3͑a͒ shows dispersion at a level of approximately 10% per decade of frequency, which is stronger than the dispersion in the compressional wave by a factor of 10 or so. It is evident from the uniform gradient of the curve in Fig. 3͑a͒ that the predicted shear dispersion is logarithmic as expected, since c s scales as f n/2 in Eq. ͑3͒. The lone shear-speed datum in Fig. 3͑a͒ falls precisely on the theoretical curve, since it was used in the evaluation of the compressional and shear coefficients, ␥ po and ␥ so . The predicted shear attenuation in Fig. 3͑b͒ 33 taken at a frequency of 1 kHz. This agreement provides a mild test of the G-S theory, since the shear attenuation was not used in computing ␥ po , ␥ so , or n. A single data point, of course, provides no information on the slope of the shear attenuation versus frequency curve, which is unfortunate because the gradient ͑as in the case of the compressional attenuation͒ provides an important test of theoretical models of waves in sediments. In situ measurements of shear dispersion and attenuation over extended frequency ranges are challenging but would be extremely useful for future validation of theoretical predictions.
V. DEPTH DEPENDENCE
A. Compressional wave
Published in situ data on the depth dependence of the sound speed and attenuation immediately beneath the seawater-sediment interface are scarce. Hamilton 34, 35 discussed the variation of the sound speed with depth, but focused mainly on significantly greater depths than the meter or two of interest here. However, he did briefly consider the variation of the sound speed in the first 20 m of sand sediments, 34 for which he developed the following empirical power-law relationship, based on a curve fit to laboratory data:
.
͑13͒
According to this expression, the sound speed is zero at the seawater-sediment interface and increases rapidly in the first meter or so, after which the rate of change slows significantly. No allowance for any variation of the sound speed with porosity is made in Eq. ͑13͒. Hamilton 36 also considered the attenuation of sound as a function of depth. Based on laboratory measurements 37, 38 of the variation of attenuation with confining pressure, he proposed an empirical inverse power-law relationship for the attenuation versus depth in sand ␣ pH ϭ0.45d Ϫ1/6 , ͑14͒
where the units of ␣ pH are dB/m/kHz. Again, porosity is absent from this empirical representation. According to Eq. ͑14͒, the attenuation is infinite at the seawater-sediment interface but decreases very rapidly in the first few centimeters. It seems from curve B in Hamilton's 36 Fig. 3 that he considered Eq. ͑14͒ to be valid down to a depth of 150 m. Within the first few meters of the interface, however, his data are too poorly resolved in depth to say whether they support the strong negative gradient exhibited by Eq. ͑14͒.
Since Hamilton's 8 final review of the acoustic properties of sediments was published in 1987, few in situ measurements of near-interface sound-speed and sound-attenuation profiles in sand sediments have appeared in the literature. Acoustic profiles from cores, however, are available, some of the most recent being from Richardson et al. 25 for the SAX99 site. They measured sound speed and attenuation as functions of depth in a large number of cores at a frequency of 400 kHz. The results are shown in Fig. 4 , along with the G-S theory ͑smooth solid lines͒, evaluated taking the porosity as independent of depth. 39 Hamilton's empirical expressions are also included ͑dashed lines͒ for comparison. It should be noted that the G-S attenuation was computed for a frequency of 400 kHz and then divided by 400, to obtain the attenuation profile shown in Fig. 4͑b͒ , having units of dB/m/ kHz. This procedure is consistent with that applied to the data. For the purpose of making the comparison between theory and data in Fig. 4͑b͒ , it would have been inappropriate to compute the attenuation directly for a frequency of 1 kHz, since this would have underestimated the theoretical result ͑relative to the data͒ due to the slight nonlinear dependence of the G-S attenuation on frequency ͓Fig. 2͑b͔͒.
At each depth increment, the sound speed and attenuation data show some spread, as indicated by the horizontal bars in Fig. 4 . Note, however, that the variations in the sound speed are less than Ϯ2%, whereas those in the attenuation are of the order of Ϯ40%. As discussed below, this relatively high variability in the attenuation data may be attributable to various factors including scattering from inclusions such as shell fragments in the sediment as well as random coupling losses, which are expected whenever a sensor is inserted into a granular sedimentary medium.
Below a depth of 10 cm, the G-S theory yields a soundspeed profile that falls within the limits of the data in Fig.  4͑a͒ . At shallower depths, where the gradient in the sound speed is very high, the G-S theory falls a little below the lower limits of the data. This small discrepancy between the theory and the data may be due to the difficulty of measuring the sound speed near the interface, where the gradient of the upward-refracting profile is particularly steep: diving waves may reach the receiver first, giving rise to an overestimate of the sound speed. Note that the trends of the G-S sound-speed profile and Hamilton's empirical relationship are similar, with both showing a rapid increase within a few centimeters of the interface. In the case of the G-S profile, this high, near-interface gradient is an effect of the overburden pressure, which gives rise to a high rate of increase of the compressional coefficient ͓Eq. ͑11͔͒ immediately below the boundary. At the boundary itself (dϭ0), the G-S profile takes Wood's value, c o , whereas Hamilton's expression goes to zero.
Turning to the attenuation profiles in Fig. 4͑b͒ , it appears that the negative gradient of Hamilton's empirical curve is not consistent with the data ͑even allowing for the fact that the data show considerable spread͒. On the other hand, the G-S attenuation profile accurately tracks the lower-limiting values of the measured attenuation. As will become apparent, the G-S theory systematically delineates the lower limits of all the ͑compressional and shear͒ attenuation data sets examined in this paper, that is, the G-S theory traces the lower bound to the envelope of the measured attenuation values.
A plausible interpretation of this observation is that the G-S theory predicts the intrinsic attenuation due to intergranular interactions, which convert acoustic energy into heat, whereas the measurements represent the effective attenuation, that is, the total attenuation experienced by a sound or shear wave in propagating through the granular material. Thus, in addition to the intrinsic attenuation, the effective attenuation includes all other losses, notably those due to scattering from inhomogeneities such as shell fragments in the medium. Naturally, since shells and other scatterers are likely to be distributed randomly throughout the sediment, the effective attenuation is expected to be highly variable, but with a lower limiting value equal to the intrinsic attenuation. According to this argument, the G-S theory is expected to coincide with the lower bound of the data, as indeed it does in Fig. 4͑b͒ . Figure 5͑a͒ shows Richardson's 12 in situ measurements of the shear speed versus depth at 1 kHz in well-sorted fine sand at the North Sea C1 site. At each depth, the data point in Fig. 5͑a͒ represents the mean of the several measured values reported by Richardson. 12 The data display a distinct positive gradient, with the shear speed approximately doubling be- FIG. 4 . Sound-speed ͑a͒ ratio and ͑b͒ attenuation versus depth for the medium-sand SAX99 site. The measurements were made on diver-collected cores at 400 kHz and each horizontal line represents the spread of the data at a given depth. The smooth solid lines, representing the G-S theory, were evaluated from Eqs. ͑1͒ and ͑2͒ using the reported values ͑Ref. 25͒ of the porosity, grain size, and measurement frequency ͓Nϭ0.377, u g ϭ414.7 m ͑ϭ1.27͒, f ϭ400 kHz]. The dashed lines, depicting Hamilton's empirical profiles, were evaluated from Eqs. ͑13͒ and ͑14͒.
B. Shear wave
tween depths of 5 and 30 cm. Similar behavior is predicted by the G-S theory ͓Eqs. ͑3͒ and ͑12͔͒, as shown by the smooth solid line in Fig. 5͑a͒ , which increases as the cube root of depth in the sediment. In evaluating the G-S line in Fig. 5͑a͒ , the porosity was taken to be independent of depth, consistent with the porosity profiles measured on cores 25 and in situ 39 during the SAX99 experiment. It is clear that the theoretical curve in Fig. 5͑a͒ closely matches the experimentally determined shear-speed profile.
The cube root of depth power law from the G-S theory is similar in form to an empirical shear-speed profile for sand sediments proposed by Hamilton 8 c sH ϭ128d 0.28 .
͑15͒
This expression is plotted in Fig. 5͑a͒ as the dashed line. In fact, Hamilton 8 discussed several empirical expressions having the form of Eq. ͑15͒ but with slightly different exponents, ranging from 0.25 to 0.312. Over the limited depth range of Richardson's data, 12 these exponents are almost indistinguishable, not only from one another but also from the G-S exponent of 1/3. However, Hamilton's ͑fixed͒ coefficient of 128 in Eq. ͑15͒ significantly underestimates Richardson's data in Fig. 5͑a͒ , by approximately 30% at a depth of 30 cm. It should be noted that, according to Eq. ͑12͒, the corresponding coefficient in the G-S theory is a function of porosity and grain size, and thus may differ from one sediment to another. Equation ͑15͒ obviously does not accommodate such behavior. The shear attenuation measured by Richardson 33 at the North Sea C1 site is shown in Fig. 5͑b͒ . Included in the figure is the G-S theoretical prediction evaluated from Eqs. ͑4͒ and ͑12͒, again taking the porosity as independent of depth. 25, 39 It is evident from these equations that the predicted attenuation scales as the reciprocal of the cube root of depth and that the coefficient of proportionality is a function of porosity and grain size. Below a depth of 10 cm, the G-S theory follows the lower bound of the attenuation data, which is consistent with the earlier argument that the G-S curve depicts intrinsic attenuation, as opposed to the effective attenuation represented by the data. At shallower depths, the G-S theory overestimates the measured attenuation, but Richardson 33 has suggested that these near-interface data points may in fact be too low as a result of ducting ͑diving waves͒ produced by the steep shear-speed gradient within the upper few centimeters of the sediment.
Hamilton 8 has proposed the following empirical expression for the shear attenuation profile:
, ͑16͒
which is shown as the dashed line in Fig. 5͑b͒ . Note that Hamilton's inverse-fractional-power-law scalings for the compressional attenuation ͓Eq. ͑14͔͒ and shear attenuation ͓Eq. ͑16͔͒ are exactly the same, both having an exponent of Ϫ1/6. Like the G-S shear attenuation profile, Eq. ͑16͒ shows a steep negative gradient immediately below the interface, whereas the gradient of Richardson's data is weakly positive. As mentioned above, this discrepancy may be the result of ducting just below the interface. Figure 6 shows the shear-speed profiles of three finergrained sediments, measured in situ by Richardson et al. 10 at Boa Dragaggio ͑fine sands and silt clays͒, Viareggio ͑silt clay͒, and Portovenere ͑silt and clay͒. ͑No shear-attenuation data were reported for these sites.͒ In all three cases, the shear speed is significantly less than that at the fine-sand, North Sea C1 site shown in Fig. 5͑a͒ . Notice the subtle differences between the Boa Dragaggio, Viareggio, and Portovenere profiles, and the fact that all three profiles are accurately reproduced by the G-S theory, evaluated from Eqs. ͑3͒ and ͑12͒ using the reported porosities and grain sizes.
The difference between the observed shear-speed profiles at Boa Dragaggio and Vareggio ͓Figs. 6͑a͒ and 6͑b͔͒ is particularly interesting, since the reported porosities of these two sediments are almost the same, at 0.57 and 0.58, respectively. It follows that the difference in the shear speeds at the two sites, amounting to about 10 m/s at a depth of 2 m, must be due to the difference between the mean grain sizes. Boa Dragaggio is the coarser of the two sediments, with a reported mean grain diameter 10 with 1.82 m ͑ϭ9.1͒ at Viareggio. In the G-S theory, the grain size affects the shear speed only through the shear modulus, ␥ s , given by Eq. ͑12͒. According to this expression, the shear modulus for Boa Dragaggio is greater than that for Viareggio by a factor of 1.5. This is sufficient to give rise to slightly dissimilar theoretical shear-speed profiles for the two sites, in excellent agreement with the data, as shown in Figs. 6͑a͒ and 6͑b͒. At the Portovenere site ͓Fig. 6͑c͔͒, the porosity is marginally higher and the grain size a little lower than at Boa Dragaggio and Viareggio. The enhanced porosity affects the bulk density, o in Eq. ͑5͒, and also the shear modulus, ␥ s in Eq. ͑12͒, while the smaller grain size influences only ␥ s . The net effect, as predicted by Eq. ͑3͒, is a slightly slower shearspeed profile than that at either of the other two sites. Again, it can be seen that the theoretical curve and the data are in very good agreement.
VI. RELATIONSHIPS BETWEEN PHYSICAL PROPERTIES
Although the porosity, grain size, and bulk density appear independently in the G-S dispersion expressions, these quantities are not themselves independent: finer-grain sediments tend to have lower densities and higher porosities than coarser materials. In order to evaluate the G-S dispersion relations as a function of any one of the three physical properties, porosity, grain size, and density, it is necessary first to establish the relationships that exist between them.
Of these inter-relationships, that between bulk density and porosity is well known and has already been introduced as the linear combination of the two constituent densities in Eq. ͑5͒. This expression accurately matches the data, as exemplified in Fig. 1 . It follows that, provided the densities of the fluid and mineral phases are known, the bulk density can be determined directly from measurements of the porosity and vice versa.
The functional dependence of porosity on grain size is more difficult to treat, not least because porosity is not uniquely determined by grain size: sediments with identical porosities may exhibit mean grain sizes that differ from one another, as exemplified by the sediments investigated by Richardson et al. 10 at Boa Draggagio and Viareggio ͓see Figs. 6͑a͒ and ͑b͔͒. Interestingly, Hamilton's data on porosity versus grain size show a significantly smaller scatter than the corresponding data collected from numerous sites by Richardson, a difference that becomes clear on comparing Figs. 7͑a͒ and 7͑b͒. However, a trend common to both data sets is that finer-grain sediments tend to exhibit higher porosities.
Any variation of the porosity with grain size represents a departure from the way smooth, uniform spheres pack together. Hamilton 8 has attributed the observed variation of porosity with grain size, illustrated in Fig. 7 , to several factors including nonuniformity in the size and the shape of the grains.
Amongst unconsolidated marine sediments, the lowest porosities are found in the coarse sands, almost always taking values close to 0.37. As it happens, 0.37 is also the porosity of a random ''close'' packing of smooth, uniform FIG. 6 . Shear-speed profiles from ͑a͒ Boa Draggagio ͓Nϭ0.57, u g ϭ3.4 micron ͑ϭ8.2͒, f ϭ1 kHz]; ͑b͒ Viareggio ͓Nϭ0.58, u g ϭ1.82 micron ͑ϭ9.1͒, f ϭ1 kHz]; and ͑c͒ Portovenere ͓Nϭ0.63, u g ϭ1.05 micron ͑ϭ9.9͒, f ϭ300 Hz]. The smooth curves, representing the G-S theory, were evaluated from Eqs. ͑3͒ along with Eq. ͑12͒ using the reported values ͑Ref. 10͒ of the porosity, grain size, and measurement frequency for each of the sites, as listed here in square brackets. spheres, 40, 41 which suggests that, in the coarser sediments, grain shape ͑or roughness͒ effects represent a negligible departure from sphericity, and thus the packing is much like a random packing of smooth spheres. In the finer-grained sediments, on the other hand, surface roughness may be comparable with or much greater than the mean grain diameter, in which case close contact between adjacent grains is prevented, thus allowing pore water to percolate between grains, which results in an increase in the porosity. Grain ''shape'' and ''roughness'' in this context cover a multitude of nonspherical conditions, encompassing smooth, potato-like grains, high-aspect-ratio platelets, and very spiky, hedgehoglike particles.
Based on these ideas ͑i.e., a random packing of rough spheres͒, Buckingham 42 developed the following relationship between porosity and grain size:
where P s ϭ0.63 is the packing factor of a random arrangement of smooth spheres and ⌬ is the rms roughness measured about the mean ͑equivalent volume sphere͒ surface of the grains. The inverse of Eq. ͑17͒ gives the grain size as a function of the porosity
where
. ͑19͒
According to Eq. ͑17͒, when the grain size is very much greater than the rms roughness, the porosity approaches its minimum value, N min ϭ1ϪP s ϭ0.37, appropriate to the coarse-sand regime of Fig. 7 . At the other extreme, when the roughness is very much greater than the grain diameter, as with the high-aspect-ratio clay and silt particles, the porosity takes its maximum value, N max ϭ1Ϫ(P s /8)ϭ0.92, which conforms with the fine-grain, high-porosity data in Fig. 7 . It is clear from the presence of ⌬, the rms roughness parameter, in Eq. ͑17͒ that sediments of nominally the same mean grain size may exhibit different porosities. A sharp sand having very rough grains ͑high ⌬͒ may be considerably more porous than an otherwise similar smooth-grained sand ͑low ⌬͒. Although the rms roughness of the grains is not a parameter that is normally reported, the value of ⌬ϭ3 m yields a relationship between porosity and grain size from Eq. ͑17͒ that follows the average trend of Hamilton's data in Fig. 7͑a͒ , whereas a somewhat lower value of ⌬ϭ1 m is more appropriate to the average of Richardson's data, as illustrated in Fig. 7͑b͒ .
It is not clear why Hamilton's and Richardson's data sets in Figs. 7͑a͒ and 7͑b͒ , respectively, should differ so markedly. The differences appear not only in the average trends but also in the scatter of the data about the mean porosity, especially for the finer-grained materials, a spread which is noticeably greater in Richardson's data. Perhaps the reason for the disparities between the two data sets is nothing more than coincidence in that the majority of the sediments examined by Richardson just happened to have smoother grains, and hence lower porosities, than those analyzed by Hamilton.
In order to make comparisons between the theoretical and measured wave properties as functions of the porosity and the grain size, an ''optimum'' value of ⌬ must be selected for substitution into Eq. ͑17͒. Since most of the data in the following comparisons stem from Richardson's measurements, the value of ⌬ϭ1 m is adopted for the rms roughness parameter, consistent with the comparison between data and theory in Fig. 7͑b͒ . With a fixed value of ⌬ in Eq. ͑17͒, the theoretical predictions of the wave properties from the G-S dispersion relations are, of course, single valued in the porosity and in the grain size, but the resultant curves are useful for comparison with the average trends of the multivalued experimental data. 
VII. POROSITY DEPENDENCE
A. Compressional wave
The ratio of the sound speed in the sediment divided by that in the water column is much less sensitive to temperature variations amongst sediments than the sound speed itself. Figure 8͑a͒ shows a plot of the sound-speed ratio versus porosity computed from the G-S theory ͓Eq. ͑1͔͒, along with data from a large number of sediments. The abundance of data points in Fig. 8͑a͒ reveals a clear trend over the porosity range from NϷ0.37 to NϷ0.92, covering coarse sands to clays. Throughout this range, the theoretical curve accurately follows the trend of the data.
An interesting feature of both the data and the theoretical curve in Fig. 8͑a͒ is the extremely steep gradient of the sound speed at porosities corresponding to the coarser sands (0.37ϽNϽ0.4). As the porosity rises marginally above its lower limit of 0.37, the sound speed plummets, eventually passing through a broad minimum around NϷ0. 8 . In view of the sensitivity to the porosity in the coarser materials, it is essential to have a high-precision measure of N available if the sound speed for a sand sediment is to be predicted accurately from the G-S theory.
The compressional attenuation as a function of porosity is shown in Fig. 8͑b͒ , where the smooth curve was computed by evaluating the G-S attenuation ͓Eq. ͑2͔͒ for a frequency of 38 kHz ͑i.e., the frequency at which most of the data were collected͒ and dividing the result by 38 to obtain the predicted attenuation in dB/m/kHz. It is evident that the scatter is much higher in the attenuation data ͓Fig. 8͑b͔͒ than in the sound-speed data ͓Fig. 8͑a͔͒. As with the depth profiles of attenuation in Fig. 4͑b͒ ͑compressional͒ and Fig. 5͑b͒ ͑shear͒, the G-S theoretical curve tracks the lower bound of the widely spread attenuation data in Fig. 8͑b͒ ͑if allowance is made for relatively large measurement errors in the lowest attenuations͒. Such behavior is consistent with the fact that the theory predicts the intrinsic attenuation, due to the irreversible conversion of wave energy into heat, whereas the measurements represent the randomly distributed effective attenuation. As discussed earlier, in addition to the intrinsic attenuation, the effective attenuation includes all other types FIG. 9 . ͑a͒ Shear-wave speed versus porosity and ͑b͒ shear-wave attenuation versus porosity. The red curves were evaluated from the G-S theory ͓Eqs. ͑3͒ and ͑4͔͒ with f ϭ1 kHz and dϭ0.3 m, and ⌬ϭ1 m in Eq. ͑17͒. ͓Note: The shear wave data reported in several of Hamilton's papers were mostly determined indirectly from measurements of interface waves. As they appear to be distinctly different in character from more recent direct measurements of shear wave properties, his data are not included in these plots.͔ FIG. 8. ͑a͒ Sound-speed ratio versus porosity and ͑b͒ sound attenuation versus porosity. The red curves were evaluated from the G-S theory ͓Eq. ͑1͔͒ with f ϭ38 kHz and dϭ0.3 m, and ⌬ϭ1 m in Eq. ͑17͒. To obtain the attenuation in dB/m/kHz, for comparison with the data, the value computed at 38 kHz was divided by 38. of loss, due for instance to scattering from inhomogeneities such as shell fragments in the medium.
Like the sound speed, the theoretical intrinsic attenuation decays extremely rapidly as the porosity rises incrementally above the minimum value of 0.37, with a similar rapid decay exhibited by the data. It follows that, in order to predict accurately the intrinsic attenuation in a sand sediment, a high-precision estimate of the porosity is required. Figure 9͑a͒ shows the speed of the shear wave as a function of porosity, with the smooth curve representing the G-S theory ͓Eq. ͑3͔͒. The clear downward trend in the data is reproduced well by the theoretical curve. The finer, highporosity sediments exhibit the slowest shear speeds, with values as low as 10 m/s in the highest porosity materials, the clays. At the opposite extreme, the coarse sands with porosities around 0.4 show shear speeds in excess of 100 m/s. As with the compressional speed and attenuation, the shearwave speed decays extremely rapidly in the coarse materials as the porosity increases slightly above its lowest value of 0.37. This behavior can be clearly seen in both the theoretical curve and the data. Because of the very high gradient at porosities in the vicinity of 0.4, a high-precision measurement of porosity would be required in order to predict accurately the speed of the shear wave in a sand sediment. Figure 9͑b͒ shows the shear attenuation as a function of porosity, with the smooth curve representing the prediction of the G-S theory ͓Eq. ͑4͔͒. Relatively few data points appear in Fig. 9͑b͒ , reflecting the difficulty of making in situ shearattenuation measurements. Nevertheless, sufficient data are present to identify a lower bound to the effective attenuation, a boundary which is accurately traced by the intrinsic attenuation curve from the G-S theory. Apart from one errant point at Nϭ0.63, the data lie on or above the theoretical line, again consistent with the idea that scattering and other loss mechanisms may add to the intrinsic attenuation predicted by the theory to yield the effective attenuation of the measurements. Figure 10͑a͒ shows the sound-speed ratio as a function of grain size, with the smooth curve representing the G-S theory ͓Eq. ͑1͔͒. The data are well distributed throughout the full range of grain sizes, from clays to coarse sands, and show a distinct upward trend with increasing grain size. The G-S theory follows the average trend of the data very satisfactorily.
B. Shear wave
VIII. GRAIN-SIZE DEPENDENCE
A. Compressional wave
The compressional attenuation as a function of the grain size is shown in Fig. 10͑b͒ , where the smooth curve represents the G-S theory ͓Eq. ͑2͔͒, which was evaluated for a frequency of 38 kHz ͑i.e., the measurement frequency for much of the data͒ and divided by 38 to obtain dB/m/kHz. Throughout the range of grain sizes, from clays to coarse sands, the data points show a high degree of scatter as expected, since the data represent the effective attenuation. The lower boundary of the envelope occupied by the data is accurately traced by the theoretical curve computed from the G-S theory for the intrinsic attenuation.
B. Shear wave
Data on shear-wave properties as a function of grain size are less abundant than those on the compressional wave. The shear speed versus mean grain diameter is plotted in Fig.  11͑a͒ , where the smooth curve represents the G-S theory ͓Eq. ͑3͔͒ evaluated at a frequency of 1 kHz. Although a gap appears in the distribution of the data points between 15 and 40 m, a strong upward trend in the measured shear speed with increasing grain size is still easy to distinguish. Similar behavior is exhibited by the G-S theoretical curve. FIG. 10 . ͑a͒ Sound-speed ratio versus mean grain diameter and ͑b͒ sound attenuation versus mean grain diameter. The red curves were evaluated from the G-S theory ͓Eqs. ͑1͒ and ͑2͔͒ with f ϭ38 kHz and dϭ0.3 m, and ⌬ϭ1 m in Eq. ͑17͒. To obtain the attenuation in dB/m/kHz, for comparison with the data, the value computed at 38 kHz was divided by 38. ͓Note: Hamilton's data have been included in these plots because the G-S theory and the experimental data indicate an insensitivity to the grain roughness parameter, ⌬ that is, Hamilton's and Richardson's data follow much the same trend.͔ As pointed out by Richardson, 12 shear attenuation has been measured at far fewer sites than shear speed. Those measurements of shear attenuation that are available are plotted in Fig. 11͑b͒ against the mean grain diameter. The smooth curve in the diagram represents the G-S theory evaluated for a frequency of 1 kHz. Many of the data points fall close to or above the theoretical curve, again consistent with the idea that the data represent effective attenuation, the lower limiting value of which is the intrinsic attenuation yielded by the theory.
However, a group of data points in Fig. 11͑b͒ , representing very-fine-grained materials, silts and clays, with mean grain diameters in the range between 1 and 10 m, falls noticeably below the theoretical curve. It is not clear why these particular data points are seemingly too low ͑or the theoretical curve too high͒, especially as the very same measured values of shear attenuation lie above the theoretical curve in the plot of shear attenuation versus porosity in Fig.   9͑b͒ . The data points in question in Fig. 9͑b͒ fall in the porosity range from approximately 0.55 to 0.6. In view of the extreme difficulty of making precision in situ measurements of shear attenuation in very-fine-grained sediments ͑shear speeds less than 50 m/s͒, the explanation for the apparently low data points in Fig. 11͑b͒ may simply be a high level of uncertainty in these measurements. Since no error bars were reported with the original data set, it is difficult to ascertain whether this interpretation is plausible but the anomaly should be resolved, one way or the other, as more in situ shear-attenuation data become available.
IX. A SHEAR-WAVE INVARIANT
If the product of the G-S expressions for the shear speed ͓Eq. ͑3͔͒ and intrinsic attenuation ͓Eq. ͑4͔͒ is formed, the resultant expression is
where f is frequency ͑Hz͒ and the value of n listed in Table II has been used to evaluate the scaling constant ͑0.42͒ on the right. According to Eq. ͑20͒, the product of the shear speed and attenuation is directly proportional to the frequency. The scaling constant is a function only of the strain-hardening coefficient n, being independent of all the macroscopic material properties of the sediment, that is, the porosity, the grain size, the density, and the overburden pressure. Since n represents microscopic processes occurring at grain contacts, 17 including strain hardening in the molecularly thin layer of fluid separating asperities, it is expected to be essentially constant for all sediments composed of similar materials, for instance, quartz grains and seawater. Thus, the constant 0.42 in Eq. ͑20͒ should hold for all silicilastic marine sediments In principle, the predicted invariance of the shear speed times the shear attenuation provides a good test of the G-S theory. In practice, however, the number of sediment sites for which both shear-wave properties are available is almost vanishingly small, making such a test impracticable at present.
X. CONCLUDING REMARKS
The properties of the phase speed and attenuation of compressional and shear waves in marine sediments have been examined in this article. Detailed comparisons have been made between measured wave properties, taken from the literature, and the predictions of a recently developed grain-shearing ͑G-S͒ theory of wave propagation in saturated porous media. The theory takes the form of two dispersion pairs, that is, four expressions, representing the phase speed and attenuation of the compressional wave and the shear wave. In addition to frequency, the four G-S dispersion relationships are functions of porosity, density, and grain size, and also overburden pressure, which translates into depth in the sediment.
Besides the material properties, the theoretical expressions involve three real parameters, representing microscopic shearing processes that are postulated to occur at grain con- FIG. 11 . ͑a͒ Shear-wave speed versus mean grain diameter and ͑b͒ shearwave attenuation versus mean grain diameter. The red curves were evaluated from the G-S theory ͓Eqs. ͑3͒ and ͑4͔͒ with f ϭ1 kHz and dϭ0.3 m, and ⌬ϭ1 m in Eq. ͑17͒. ͓Note: The comment on Hamilton's shear wave data in the legend to Fig. 9 also applies here.͔ tacts during the passage of a wave. Two of these parameters, the compressional and shear coefficients, are analogous to the Lamé coefficients of elasticity theory, and the third is a numerical index representing the phenomenon of strain hardening in the molecularly thin layer of pore fluid sandwiched between grain contacts. Each of the three grain-shearing parameters has been assigned a value, which was held fixed in all the comparisons with data. Thus, the only available variables in the theoretical dispersion relationships are the material properties ͑porosity, grain size, and overburden pressure͒ and the frequency.
The compressional and shear-wave speeds and attenuations have been plotted as functions of frequency, depth in the sediment, porosity, and grain size, in each case with all other variables held constant. In every comparison, the theory accurately matches the average trend of the data set. It is to be emphasized that no adjustable parameters were available in the theory to help achieve these multiple fits to data.
The high quality of the match to data even holds for the attenuation of both the compressional and the shear wave: the theory reliably traces out the lower bound to the highly variable attenuation values returned by measurements. A straightforward interpretation of this observation is that the theory predicts the intrinsic attenuation, which arises from the irreversible conversion of wave energy into heat, whereas the measurements yield the effective attenuation, that is, the intrinsic attenuation plus any additional sources of loss, such as scattering from inhomogeneities in the granular medium. Since inclusions such as shell fragments tend to be randomly distributed in the sediment, the effective ͑i.e., measured͒ attenuation shows large fluctuations, taking values that are bounded from below by the intrinsic attenuation, which is stable and well predicted by the theory. In the plots of the compressional attenuation as a function of depth, for example, the theory accurately traces out the profile of the lowest attenuation values observed at each depth ͓Fig. 4͑b͔͒.
It is concluded that the G-S dispersion relationships in Eqs. ͑1͒ to ͑4͒, with the three fixed parameters ␥ po , ␥ so , and n taking the values listed in Table I , are useful as a practical tool for making estimates of the wave and physical properties of a sediment ͑excluding the effective attenuation, of course, but including the intrinsic attenuation͒. For instance, if the sound speed were known, the shear speed, both ͑intrin-sic͒ attenuations, the porosity, and the density could be evaluated immediately and uniquely from the G-S theoretical expressions. Similarly, if the porosity were available from, say, a core sample, the wave speeds and ͑intrinsic͒ attenuations could be evaluated from the G-S dispersion relations. Such utility has potential as the basis of a variety of inversion techniques for estimating the geoacoustic parameters of marine sediments.
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